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Abstract: We show that dark photons (A′) with masses ∼ 10–80 MeV can be probed
in the decay µ+ → e+νeν¯µA′, A′ → e+e−, with the upcoming Mu3e experiment at the
Paul Scherrer Institute (PSI) in Switzerland. With an expected 1015 (5.5 × 1016) muon
decays in 2015–2016 (2018 and beyond), Mu3e has the exciting opportunity to probe a
substantial fraction of currently unexplored dark photon parameter space, probing kinetic-
mixing parameter, , as low as 2 ∼ 10−7 (10−8). No modifications of the existing Mu3e
setup are required.
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1 Introduction
There are only a few ways in which new particles and forces below the weak-scale can
interact with the standard model (SM) particles and have remained undetected thus far.
Among the simplest possibilities is the existence of a light, massive vector boson called
a dark photon (A′). A substantial effort is underway to search for a dark photon with a
variety of experiments. In this paper, we show that the upcoming Mu3e experiment at the
Paul Scherrer Institute (PSI) in Switzerland is also sensitive to dark photons. Using an
unprecedented number of muon decays1 in their search for the lepton flavor violating decay
µ+ → e+e−e+, Mu3e can also search for the decay µ+ → e+νeν¯µA′, A′ → e+e− shown
in figure 1. This allows them to probe currently unexplored regions of the dark photon
parameter space. We note that while our focus will be on vector bosons (the dark photon),
other particles that couple to electrons and/or muons and decay to an e+e− pair could also
be probed with Mu3e.
The dark photon is the mediator of a new, broken U(1)D gauge group and appears
in many theoretical scenarios, see e.g. [1–3] and references therein. It can interact with
ordinary matter through “kinetic mixing” [4–6] with the SM hypercharge, U(1)Y, gauge
boson. At low energies, the dominant effect is a mixing of the U(1)D with the SM photon,
U(1)EM, as described with the Lagrangian
L = LSM − 
2
F ′µνF
µν − 1
4
F ′µνF
′µν +
1
2
m2A′A
′
µA
′µ. (1.1)
Here LSM is the SM Lagrangian,  is the kinetic mixing parameter, F ′µν (Fµν) is the U(1)D
(U(1)EM) field strength, and mA′ is the dark photon mass (the mechanism for generating
this mass is not important for our purposes). The mixing between the dark photon and
1“Muon” refers to µ+ in this paper.
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Figure 1. Feynman diagrams for (on-shell) dark photon production in muon decays, µ+ →
e+νeν¯µA
′, A′ → e−e+.
the SM photon leads to an -suppressed coupling of the dark photon to the electromagnetic
current, JµEM, i.e., to quarks and charged leptons,
L ⊃  eA′µ JµEM . (1.2)
The two relevant parameters of the model are the kinetic mixing parameter and the dark
photon mass. The coupling in eq. (1.2) allows the dark photon to be probed with a wide
range of experiments, see e.g. [1–3] for a recent review and references. We do not consider
the addition of other low-mass particles to this model.
Theoretically, the values of the kinetic mixing and the dark photon mass can take
on a wide range of values. However, much attention has recently been focused on the
MeV–GeV mass range. In this mass range, the dark photon could explain the ∼ 3.6σ
discrepancy between the observed and SM value of the muon anomalous magnetic moment
(aµ ≡ gµ−2, where gµ is the muon’s gyromagnetic ratio) [7–9] and offer an explanation for
various dark matter related anomalies through dark matter-dark photon interactions [10–
13]. Moreover, a dark photon mass in this range can be generated naturally in several new
physics scenarios [14–18]. In addition, if U(1)Y is embedded in a Grand Unified Theory
(GUT), the mixing can be generated by a one-(two-)loop interaction and naturally give
 ∼ 10−3–10−1 (∼ 10−5–10−3) [4, 14, 16, 19].
There are many experimental probes of MeV–GeV mass dark photons that decay di-
rectly to SM particles. These include collider experiments, beam dumps, rare meson decays,
supernova cooling, and precision measurements [7, 18, 20–37, 37–50]. Existing constraints
have almost disfavored the entire mass and coupling range in which dark photons could
explain the mismatch between the observed and SM expected value of aµ, assuming the
dark photon decays directly to SM particles with a branching ratio close to 100%. A re-
duced branching ratio is possible if there exist other light particles that couple to the dark
photon and open up additional decay modes.
In this paper, we will show that Mu3e can probe dark photons in the mass range
2me < mA′ < mµ, where me (mµ) is the electron (muon) mass, and improve upon current
constraints on  in the range 10 MeV . mA′ . 80 MeV, down to 2 ∼ 10−8. This probes
well into the mentioned above parameter region motivated from embedding the U(1)Y in a
GUT, as well as probing aµ favored dark photon to SM branching ratios significantly less
than 100%. Depending on the performance of the detector, Mu3e may also be sensitive to
long-lived dark photons, which produce displaced vertices.
The paper is organized as follows. We first summarize in section 2 how dark photons
can be produced in muon decays and detected in Mu3e. We then discuss the projections
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Figure 2. The branching ratio of the muon decay channel µ+ → e+νeν¯µA′ with  = 0.1. Shown
are the numerical values computed with MadGraph5 aMC@NLO (red points) and a parametrized
fit to these numerical values (red solid line), which is given by eq. (2.1).
for the sensitivity of dark photon searches at Mu3e for prompt decays in section 3.1 and
briefly discuss a possible search using displaced vertices in section 3.2. Our conclusions are
presented in section 4. In appendix A, we detail our estimate of the accidental backgrounds
for the prompt search.
2 The search for dark photons with Mu3e
The Mu3e experiment at PSI [51] has been proposed to search for the charged lepton flavor
violating decay µ+ → e+e−e+ with an ultimate sensitivity of 10−16, four orders below the
current limits. It will take advantage of one of the most intense sources of muons in the
world. During its first phase (2015–2016), Mu3e will probe 1015 muon decays, and more
than 5.5 × 1016 muon decays by the end of phase II (2018 and beyond). To achieve the
required sensitivity, a novel design based on high-granularity thin silicon pixel detectors,
supplemented by a fast timing system, has been proposed.
The large statistics and excellent detector resolution offer an ideal setup to search for
dark photon production in muon decays as well. The production mechanism is illustrated
in figure 1: the dark photon can be either emitted from the initial state radiation off the
µ+, or final state radiation off the e+, or radiate off the internal W -boson. The latter
process is suppressed by ∼ m2µ/m2W ∼ 10−6 at the amplitude level compared to the other
processes due to the different propagators appearing in the diagrams (this is similar for
the corresponding SM process where the dark photon is replaced by the SM photon, see
also [52]). The corresponding decay width of µ+ → e+νeν¯µA′, is evaluated using Mad-
Graph5 aMC@NLO 2.1.0 [53] for mA′ ranging from 1.1 MeV to 100 MeV. Approximating
the total decay width, Γtot, as the SM muon decay width, the resulting branching ratio
Bsig is presented in figure 2 for  = 0.1. We also include a parametrized curve (red, labeled
“fit”) of the form Bsig = Bsig(,mA′) with
Bsig =
1
3× 10−19
(

0.1
)2
exp
(
5∑
i=0
ai
(
mA′
GeV
)i)
, (2.1)
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where a0 = −50.866, a1 = −360.93, a2 = 13998.59, a3 = −3.731 × 105, a4 = 4.442 × 106,
a5 = −2.015 × 107, and we take the fine structure constant α = 1/137.036 and Γtot '
3× 10−19 GeV [54].
For 2me ≤ mA′ ≤ 2mµ, the dominant decay is A′ → e+e− (the loop-induced decay
A′ → 3γ is highly suppressed and only important for mA′ < 2me). The main signature of
such a dark photon is that the invariant mass of the e+e−-pair from the dark photon decay
must equal mA′ . The invariant mass spectrum is dominated by SM background events (see
section 3), but a resonance search or “bump-hunt” can be used to search for a dark photon.
In addition to a resonance search, displaced e+e− vertices can also be used to probe
long-lived dark photons. The dark photon width and the proper decay length are given by,
respectively,
ΓA′→e+e− =
α 2
3
mA′
√
1− 4m
2
e
m2A′
(
1 +
2m2e
m2A′
)
, (2.2)
c τA′→e+e− ' 0.8 mm
(
10−4

)2
10 MeV
mA′
. (2.3)
For small-enough values of , the dark photon will travel a finite distance and the e+e−-pair
will be reconstructed as a displaced vertex (for even smaller values, the decay length will
be large enough to allow for the shielding of almost any backgrounds, as in beam-dump
experiments). Since the backgrounds are expected to be greatly reduced with respect to
prompt decays, displaced vertices could provide sensitivity to low values of the kinematic
mixing.
3 Projections for dark photon searches with Mu3e
The sensitivity to dark photons with an experimental setup similar to that of Mu3e is
studied using a simulation program, FastSim, that was originally developed for the SuperB
experiment [55], based on the software framework and analysis tools used by the BABAR
collaboration [56, 57]. Detector components are described in FastSim as two-dimensional
shells of geometric objects, such as cylinders, disks, or planes, and the effect of the physi-
cal thickness is modeled parametrically. Coulomb scattering and energy loss by ionization
are described with the standard parametrization in terms of radiation length and particle
momentum. Simplified cross sections are used to describe Bremsstrahlung and pair produc-
tion. Tracking measurements are simulated in terms of single-hit and two-hit resolutions,
while silicon strip detectors are modeled as two independent orthogonal projections. Tracks
are reconstructed from the simulated hits passed to the BABAR Kalman filter track fitting
algorithm. Uncertainties associated with pattern recognition algorithms traditionally used
to form track hits are introduced using models based on the BABAR pattern recognition
algorithm performance.
The FastSim model is a simplified version of the proposed Mu3e detector [51], which
consists of a silicon tracker composed of two inner and two outer double layers of cylindrical
pixel silicon detectors surrounding the target. The inner layers have a length of 12 cm,
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Figure 3. Left : side view of the experimental setup (adapted from [51]). A muon beam impinges
on a target consisting of two hollow aluminum cones connected at their base. A silicon tracker
composed of two inner and two outer double layers of cylindrical pixel silicon surrounds the target.
Although not included in the simulation, a time-of-flight device provides a timing measurement
with a resolution of 250 ps. A simulated µ+ → e+νeν¯µA′, A′ → e+e− event is shown. Right :
transverse view of the experimental setup. The stopping target is shown at the center, surrounded
by two inner and two outer cylindrical layers of silicon detectors.
while the outer silicon layers are extended to a length of 180 cm to improve the momentum
resolution of recurling tracks. The innermost (outermost) silicon detectors are placed at
a radius of 1.9 cm (8.9 cm). Silicon sensors are simulated as 50µm thick double-sided
striplet sensors mounted on 50µm of kapton in FastSim. The spatial resolution of the hits
is modeled as a sum of two components with resolutions of 8µm and 20µm. Although
Mu3e uses pixel silicon sensors, we expect the performances of both tracking system to
be comparable. The target is composed of two hollow aluminum cones connected at their
base. Each cone is 5 cm long, 50µm thick with a base radius of 1 cm. The entire detector
is placed in a 1 T solenoidal magnetic field. Although not included in FastSim, a time-
of-flight device provides a timing measurement. We assume a time resolution of 250 ps,
averaging the values of the corresponding Mu3e detector systems. We define a coordinate
system having the z-axis aligned along the axis of the cylindrical silicon detectors, with the
transverse plane oriented perpendicular to the z-axis. The apparatus layout is displayed
in figure 3, together with a simulated µ+ → e+νeν¯µA′, A′ → e+e− event.
3.1 Promptly decaying dark photons
We begin by studying the sensitivity of prompt dark photon decays in µ+ → e+νeν¯µA′,
A′ → e+e− events. Large samples of signal and background events are generated to study
the signal efficiency and background levels. We assume that muons decay uniformly at
rest in the target. Signal events are generated with MadGraph5 aMC@NLO 2.1.0 for
5 MeV < mA′ < 100 MeV. The background processes can be classified as either irreducible
or accidental :
• Irreducible backgrounds arise from events with internal conversions of the photon in
µ+ → e+νeν¯µγ∗(→ e+e−) decays, or from radiative muon decays where the radiated
photon converts into an electron-positron pair inside the target material. Conversion
outside the target material, i.e., in the detector material, can be efficiently tagged
and are not considered. These background processes are simulated using the matrix
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element and differential decay width given in [52, 58], and the events are normalized
using the following branching fractions: Bµ+→e+νeν¯µe+e− = (3.4 ± 0.4) × 10−5 and
Bµ+→e+νeν¯µγ = (1.4 ± 0.4)% [54]. As the probability of photon conversion inside
the target is of O(10−3), both channels contribute roughly equally to the irreducible
background.
• Accidental backgrounds arise mainly from the combination of several muon decays
where, e.g., one of the positrons is misreconstructed as an electron. We consider
background sources from the following accidental combinations: (1) three Michel
decays (µ+ → e+νeν¯µ) where one positron is misreconstructed as an electron (“3M
decays”), (2) a Michel decay and a radiative Michel decay (µ+ → e+νeν¯µγ) where
the photon converts to a e+e− pair in the target material and one electron remains
undetected (“2Mγ decays”), and (3) a Michel decay and a radiative Michel decay with
internal conversion where one electron again remains undetected (“2M3e decays”).
Another source of accidental background, which we will not include, arises from two
Michel decays where the outgoing positron from one of the Michel decays produces an
electron by interacting with the detector material via Bhabha scattering (“2MBhabha
decays”). Other sources of accidental backgrounds are expected to be smaller.
We generate signal and background events and process them with FastSim to determine
the detection efficiency and the invariant mass distribution, me+e− . We require all electrons
and positrons to have a minimum transverse momentum of 10 MeV to match the Mu3e
tracker acceptance. The µ+ → e+νeν¯µe+e− candidates are formed by combining two
positrons and an electron, and fit with the constraint that the tracks originate from the
same position at the surface of the target. We select only well reconstructed candidates by
requiring the probability of the χ2 of the constrained fit to be greater than 1%. Additional
kinematic constraints can further distinguish µ+ → e+νeν¯µe+e− decays from accidental
backgrounds. The magnitude of the sum of the momenta of the electron and two positrons
(|~p3e| ≡ |~pe−+~pe+,1+~pe+,2|) must be compatible with the muon decay hypothesis, requiring
|~p3e| ≤
m2µ −m23e
2mµ
, (3.1)
where m3e is the invariant mass of the three tracks.
While we can reliably determine the efficiency of the signal and irreducible back-
grounds, it is more challenging to estimate the accidental backgrounds with very high ac-
curacy. However, the following approach, which is similar to that described by Mu3e [51],
is sufficient for our purposes. The number of 3M, 2Mγ , and 2M3e decays are given by,
respectively,
N3M ' 1
2
NµR
2
µ δt
2 P 2p B
3
µ+→e+νeν¯µ Pe+→e− , (3.2)
N2Mγ ' NµRµ δt PpBµ+→e+νeν¯µ Bµ+→e+νeν¯µγ Pγ , (3.3)
N2M3e ' NµRµ δt PpBµ+→e+νeν¯µ Bµ+→e+νeν¯µe+e− , (3.4)
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Figure 4. The expected e+e− invariant mass distribution from the various sources of background
displayed assuming a total number of 1015 (left) or 5.5×1016 (right) muon decays for the phase I and
II of Mu3e, respectively. The accidental backgrounds include the 3M, 2Mγ , and 2M3e backgrounds
but not the 2MBhabha background (see text for details).
where Nµ = 10
15 (2 × 1016) is the total number of muons and Rµ = 108/s (2 × 109/s)
is the instantaneous stopped muon rate for Mu3e phase I (II), δt = 2.5 × 10−10 s is the
average time resolution, Pp = 10
−4 is the position suppression factor, Pe+→e− = 0.5% is
the positron-to-electron misidentification probability, and Pγ = 8 × 10−4 is the photon
conversion probability in the target. Derivations of eqs. (3.2), (3.3) and (3.4) are shown
in appendix A. Inserting the numbers, we find that the expected number of accidental
background events over the lifetime of the experiment (before correcting for the efficiency)
are given by, roughly, N3M ∼ 15, 000 (60,000), N2Mγ ∼ 30, 000 (6 × 106), and N2Me ∼
75, 000 (2 × 107) for phase I (II). We use these numbers to normalize each accidental
background component. We note that we will not consider the 2MBhabha background, as
it is challenging to simulate reliably. More study is needed by the Mu3e Collaboration to
determine its size, but preliminary estimates2 suggest that in the 10 MeV to 80 MeV mass
range, this background should be at most comparable, but more likely subdominant, to
the irreducible backgrounds.
The e+e− invariant mass distribution of the most important irreducible and accidental
backgrounds, after applying all selection criteria, is shown in figure 4, assuming a total
number of 1015 (left plot) and 5.5 × 1016 (right plot) muon decays for the two phases of
Mu3e, respectively. Both combinations per muon candidate are considered and included
in the corresponding histograms. The signal reconstruction efficiency is shown in figure 5
and varies between 7% and 41%, depending on the dark photon mass.
As expected, the distribution peaks towards low values of me+e− . The spectrum is
dominated by µ+ → e+νeν¯µe+e− events (red line in figure 4) with an additional contribu-
tion from µ+ → e+νeν¯µγ with the conversion γ → e+e− in the target material (black line).
The accidental backgrounds (green line) are subdominant, except for me+e− & 80 MeV,
where they become comparable to the irreducible contribution. However, as we will dis-
cuss below, this region is already well explored by existing experiments. Therefore, even
2We thank Andre´ Scho¨ning for valuable discussions of this background.
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Figure 5. The signal efficiency as a function of the dark photon mass (mA′) for prompt µ
+ →
e+νeν¯µA
′, A′ → e+e− decays.
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Figure 6. Fit to the e+e− invariant mass distribution for a dark photon mass hypothesis of 40 MeV.
The blue line shows the expected background. The signal probability density function, as obtained
from a fit to the signal Monte Carlo sample, is shown as the red line in the insert.
if our accidental background estimate is off by a factor of a few, it will have little impact
on the the dark-photon parameter region probed by Mu3e that is currently unexplored
(mA′ . 70 MeV).
A dark photon signal would appear as a narrow peak over the smooth background dis-
tribution. The signal resolution is determined by fitting the corresponding mass spectrum
with a sum of three Gaussians. The central mass resolution is at the level of 0.2–0.3 MeV,
almost independent of mA′ . We checked that these results are similar to the expected
performance of the Mu3e detector [51].
We estimate the signal sensitivity by fitting a signal component on top of the expected
background in the range 10 MeV < mA′ < 80 MeV. Each fit is performed over an interval
of ±5 MeV around the nominal dark photon mass. An example of a fit is displayed in
figure 6. We extract a 95% confidence level (CL) limit on the number of signal events,
and derive a bound on the µ+ → e+νeν¯µA′, A′ → e+e− branching fraction by dividing
by the signal efficiency and the number of muon decays. These results are translated into
limits on the kinetic mixing parameter, , and shown as a blue (red) solid line for Mu3e’s
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Figure 7. Prospects and constraints in the 2 versus mA′ plane for dark photons that decay
directly to SM particles (see e.g. [1] and references given in section 1 of this paper). The projected
sensitivity of a resonance search for promptly decaying dark photons with the Mu3e experiment is
shown in blue (red) assuming 1015 (5.5× 1016) muon decays for Mue3 phase I (II).
phase I (II) in figure 7, together with existing constraints and prospects for upcoming
experiments.
A substantial fraction of open parameter space in the low mA′ region can be ex-
plored, complementing or overlapping the reach of currently planned experiments, includ-
ing APEX [28, 36], HPS [47], DarkLight [27, 43], and an experiment at the SPS [46] (the
latter is not shown). As mentioned in the introduction, if U(1)Y is embedded in a GUT, the
mixing that is generated by a one-(two-)loop interaction naturally gives 2 ∼ 10−6–10−2
(∼ 10−10–10−6). Mu3e has the opportunity to explore part of this theoretically interesting
parameter space.
3.2 Displaced vertices from dark photons
For sufficiently small values of , the dark photon lifetime can be sizable (see eq. (2.3)),
leading to displaced decay vertices observable in the laboratory frame. While smaller values
of  lead to smaller muon branching fractions to dark photons, the backgrounds associated
with displaced vertices are substantially reduced, providing an opportunity to observe a
signal. The discovery potential depends on the geometrical acceptance of the detector,
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the vertex resolution, and the backgrounds. The assumptions introduced in the prompt
decay scenario to treat the accidental backgrounds, i.e., pile-up events arising from muons
decaying within the same time window and at the same position in the target, might not be
valid anymore for displaced vertices. A full analysis should include contributions from pile-
up of several (radiative) muon decays generated everywhere in the target, which is beyond
the scope of our paper, given the large number of muon decays involved. Furthermore, a
small residual background from misreconstructed µ+ → e+νeν¯µe+e− events is expected to
remain, and the accuracy of FastSim might be too limited to reliably predict its level. We
encourage the Mu3e Collaboration to perform a detailed reach estimate, both because the
tools at our disposal are not sufficient for a reliable estimate and because the sensitivity
that could potentially be achieved is well worth the effort.
4 Conclusions
We have studied the possibility to search for dark photon in µ+ → e+νeν¯µA′, A′ → e+e−
decays with an apparatus similar to the Mu3e experiment. We derive sensitivity estimates
for both prompt and displaced dark photon decays. Mu3e has the exciting opportunity
to probe a substantial fraction of currently unexplored parameter space in the mass range
10 MeV . mA′ . 80 MeV for 2 & 10−8, using a resonance search, overlapping or comple-
menting the reach of currently planned experiments. This opportunity does not require any
modifications of their existing setup. A search for displaced vertices may have sensitivity
to lower values of , but the precise reach estimate depends on the backgrounds, which
require a careful modeling by the Mu3e Collaboration.
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A Estimation of accidental backgrounds
In section 3.1, we provided an estimate of the accidental backgrounds, see eqs. (3.2), (3.3)
and (3.4). In this appendix, we justify these equations.
We first estimate the accidental background arising from three Michel decays, where
one positron is misreconstructed as an electron (N3M). We assume a measurement takes
place in a time interval T  δt, where δt is the time resolution. The probability for three
decays to occur in the same time window is (δt/T )2 and at the same position is P 2p , where
Pp is the position suppression factor. Multiplying these probabilities with the branching
ratio for three Michel decays, B3µ+→e+νeν¯µ , and the probability for one out of three positrons
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to be misreconstructed as an electron, Pe+→e− , the total probability for the 3M pile-up is
given by
P3M =
(
δt
T
)2
P 2p B
3
µ+→e+νeν¯µ
(
3
1
)
Pe+→e− . (A.1)
During the time T , the number of stopped muons, Nµ ≡ RµT , and the number of 3M
pile-up event, N3M, are related by
N3M =
(
Nµ
3
)
P3M . (A.2)
Substituting eq. (A.1) into eq. (A.2) yields
N3M =
1
2
TRµ
(
Rµ − 1
T
)(
Rµ − 2
T
)
δt2P 2pB
3
µ+→e+νeν¯µ
' 1
2
NµR
2
µ δt
2 P 2p B
3
µ+→e+νeν¯µ , (A.3)
which is eq. (3.2). The approximation is valid in the limit RµT  1.
Similarly, the total probabilities for the 2Mγ and 2M3e accidental backgrounds are
given by
P2Mγ =
(
2
1
)
Bµ+→e+νeν¯µ Bµ+→e+νeν¯µγ Pγ , (A.4)
P2M3e =
(
2
1
)
Bµ+→e+νeν¯µ Bµ+→e+νeν¯µe+e− , (A.5)
respectively. Given the number of 2Mγ and 2M3e as
N2Mγ =
(
Nµ
2
)
P2Mγ , (A.6)
N2M3e =
(
Nµ
2
)
P2M3e , (A.7)
one finds
N2Mγ = TRµ
(
Rµ − 1
T
)
δtPpBµ+→e+νeν¯µ Bµ+→e+νeν¯µγ Pγ
' TR2µδtPpBµ+→e+νeν¯µ Bµ+→e+νeν¯µγ Pγ , (A.8)
N2M3e = TRµ
(
Rµ − 1
T
)
δtPpBµ+→e+νeν¯µ Bµ+→e+νeν¯µe+e−
' TR2µδtPpBµ+→e+νeν¯µ Bµ+→e+νeν¯µe+e− . (A.9)
These are eqs. (3.3) and (3.4). The approximations in the above equations are again valid
for RµT  1.
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